Background: Dementia with Lewy bodies (DLB) and Parkinson's disease (PD) are considered subtypes of the ␣synucleinopathy continuum that show similar and dissimilar clinical and morphological features. Objective: To further our understanding of brain abnormalities that might differentiate both disorders more clearly, we performed quantitative magnetic resonance (MR) imaging of the subcortical and cortical grey matter. Methods: Three-dimensional T1 weighted 3 tesla MR images of 14 DLB and 62 age-and gender-matched PD patients were examined to study cortical and subcortical grey matter structure. We used volumetric measurements to study total grey matter, and volumes of the pallidum, amygdala, putamen, caudate nucleus, thalamus and hippocampus. Whole-brain and structural network-based methods were used to identify local differences in grey matter and vertex-based shape analysis was used to assess focal hippocampal changes. Results: Volumetric, whole-brain and network-based analyses showed reduced hippocampal (p = 0.008) and right parahippocampal region volumes (p = 0.030) in DLB compared to PD patients. Shape analysis showed atrophy in the head and body of the right (p = 0.040) and in the head of the left (p = 0.030) hippocampus of DLB patients. Conclusion: DLB patients showed atrophy of the hippocampus and parahippocampal gyrus compared to PD patients with a differential involvement of the head and body of the hippocampus. Further studies should examine if these group-based findings can be used to differentiate both disorders on an individual level.
INTRODUCTION
Dementia with Lewy bodies (DLB) and Parkinson's disease (PD) are both conditions characterized by the presence of ␣-synuclein in Lewy bodies and Lewy neurites [1] . Clinical features of patients with DLB and PD overlap, such as symptoms 776 L.J. de Schipper et al. / Hippocampal Differences Between DLB and PD of parkinsonism, psychiatric/behavioral symptoms, autonomic dysfunction and cognitive impairment [2, 3] .
However, the timing of symptoms, progression rate, and severity are different, and DLB patients show a decreased efficacy and tolerance of medication. DLB is diagnosed when dementia occurs before or concurrently with parkinsonism [2] . On the contrary, dementia occurring in the presence of well-established PD, is classified as PD with dementia (PDD) [2] . It is debated whether this distinction is valid [3, 4] , as it is increasingly recognized that cognitive impairment and dementia are common in all stages of PD, and it is the only common manifestation of both disorders that is being regarded in this manner [4, 5] .
At present, a clear distinction, if at all possible, between both disorders is also difficult, because the exact pathogenic mechanisms underlying the clinical heterogeneity are unknown. Previous structural MRI studies have shown grey matter atrophy in DLB and PD patients compared to control subjects [6] [7] [8] [9] . Notably, there is evidence that there may be structural brain differences in grey matter between DLB and PD patient as well. However, until now, most studies focused on differences between DLB patients and healthy control subjects, patients with Alzheimer's disease and patients with PDD [6] . One study compared total grey matter of DLB and PD patients and showed more pronounced atrophy in DLB [10] , although DLB and PD groups were not matched for age or gender in this study, which may have influenced the results. Reduced cortical and subcortical volumes have further been found in DLB compared to PD patients, using region of interest approaches [11] [12] [13] .
In the present study, we therefore evaluated if whole-brain and network-based magnetic resonance imaging (MRI) approaches to measure total and subcortical grey matter volume(s), may contribute in differentiating both disorders more clearly. Finally, vertex-based shape analysis was used to assess focal changes of subcortical structures.
METHODS

Study design and participants
The present cross-sectional study is part of the PROfiling PARKinson's disease (PROPARK) study. Patients were recruited from the outpatient clinic for Movement Disorders of the Department of Neurol- ogy of the Leiden University Medical Center (LUMC, Leiden, the Netherlands) and nearby university and regional hospitals between January 2013 and January 2016. Evaluations occurred at the LUMC. Fourteen DLB patients were included ( Fig. 1 ). Sixty-two PD patients were selected from the PROPARK cohort, matched at group level for age and gender to the DLB patients. All PD patients fulfilled the United Kingdom Parkinson's Disease Society Brain Bank criteria for idiopathic PD [14] and all DLB patients fulfilled the McKeith diagnostic criteria for probable DLB [15] . Patients were diagnosed with DLB or PD by a movement disorder specialist. Exclusion criteria were: previous or other disorders of the central nervous system, peripheral nerve disorders influencing motor and/or autonomic functioning, and psychiatric comorbidity not related to PD. All participants or his/her closest relative provided written informed consent according to the Declaration of Helsinki. Ethical approval was given by the Medical Ethics Committee of the LUMC.
Clinical assessments
All patients underwent standardized assessments, including an evaluation of demographic and clinical characteristics. Participants were tested while on dopaminergic medication (except for nine drugnaïve PD and eight drug-naïve DLB patients). The Movement Disorder Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS) motor scale (part III) was used to quantify the severity of motor signs [16] . Additionally, the SEverity of Non-dopaminergic Symptoms in Parkinson's Disease (SENS-PD) scale was used [17] , which is a composite score comprising three items with four response options (0-3) from each of the following domains: postural instability and gait difficulty, psychotic symptoms, excessive daytime sleepiness, autonomic dysfunction, cognitive impairment and depressive symptoms (total range: 0-54). These six domains represent a coherent complex of symptoms that largely do not improve with dopaminergic medication, that is already present in the early disease stages and increases in severity when the disease advances. Higher scores on both scales reflect more severe impairment. The Mini-Mental State Examination (MMSE) [18] and SCales for Outcomes in PArkinson's disease-COGnition (SCOPA-COG, cognitive functioning, range 0-43) were used to assess cognitive performance. The SCOPA-COG is a valid and reliable instrument examining the following domains: memory, attention, executive functioning and visuospatial functioning [19] ; lower scores reflect more severe impairment. Hallucinations were quantified using the hallucination item of the SCOPA Psychiatric 160;Complications (PC, range 0-3) scale [20] . A levodopa dose equivalent (LDE) of daily levodopa (LDE-Dopa), dopamine agonists (LDE-DA), as well as a total LDE was calculated according to the formula developed by Tomlinson et al. [21] .
MRI analyses
Three-dimensional T1-weighted images were acquired on a 3 Tesla MRI scanner (Philips Achieva, Best, the Netherlands) with the following parameters: repetition time = 9.8ms, echo time = 4.6ms, flip angle = 8 • , field of view 220 × 174 × 156 mm, 130 slices with a slice thickness of 1.2 mm with no gap between slices, resulting in a voxel size of 1.15 mm × 1.15 mm × 1.20 mm. All MRI scans were visually checked to ensure that no major artifacts or abnormalities were present in the data. Analyses were done using the software provided by FMRIB's software library (FSL, version 5.0.8, Oxford, United Kingdom) [22] . Brain structures were identified using the Harvard-Oxford atlas integrated in FSL.
Volumetric measurements
Grey matter volume was estimated with SIENAX (Structural Image Evaluation, Using Normalization, of Atrophy Cross-sectional) [23] , starting by extracting brain and skull images from the T1-weighted images. The brain image is then affine-registered to Montreal Neurological Institute (MNI) standard space, using the skull image to determine the registration scaling. This is primarily done in order to obtain the volumetric scaling factor, to be used as a normalization for head size. Next, tissuetype segmentation with partial volume estimation is carried out in order to calculate total volume of brain tissue and separate estimates of volumes of grey and white matter. FMRIB's integrated registration and segmentation tool (FIRST) [24] was used to determine volumes of the hippocampus, pallidum, amygdala, putamen, caudate nucleus and thalamus in cm 3 . FIRST starts by registering each brain image to MNI standard space and fits models for the different structures (meshes) to the images. Boundary correction is applied for the volumetric output.
Voxel-based morphometry
VBM was used to investigate voxel-wise differences in grey matter volume between DLB and PD patients [22, 25, 26] . Structural images were brain-extracted and grey matter-segmented before being registered to the MNI standard space using non-linear registration. The resulting images were averaged and flipped along the x-axis to create a left-right symmetric, study-specific grey matter template with the same number of DLB and PD subjects, in order to create an unbiased template. All native grey matter images were non-linearly registered to this study-specific template and modulated to correct for local expansion (or contraction) due to the nonlinear component of the spatial transformation. The modulated grey matter images were then smoothed with an isotropic Gaussian kernel with a sigma of 3 mm and concatenated into a four-dimensional data set, which was also used for further network analyses. A voxel-wise GLM was applied to the four-dimensional data set, using permutation-based non-parametric testing [27] , with 5000 permutations, correcting for multiple comparisons across space. The statistical threshold was set at p < 0.05, Family-Wise Error corrected, using the Threshold-Free Cluster Enhancement (TFCE) technique [28] . A grey matter mask was applied in the statistical analysis and age and gender were used as covariates in the model.
Structural covariance networks
Computational network-based analyses are increasingly important in uncovering patterns of brain atrophy, which are not readily apparent by regional structural analysis. It is suggested that anatomical structures that are spatially distributed but functionally linked, co-vary in grey matter density within individuals across a population. These structural covariance networks (SCNs) can be affected by factors like age and disease. We used nine bilateral standardized SCNs, for detailed information see Hafkemeijer et al. [29] . The networks were derived using an independent component analysis, a statistical technique that is also commonly used to study functional network integrity. It defines spatial component maps of maximal statistical independence. The four-dimensional data set of grey matter images derived from our participants was used in a spatial regression against the standard SCN probability maps, using a general linear model (GLM) approach integrated in FSL to calculate individual SCN integrity scores. The integrity score is the beta coefficient of the regression analysis, reflecting the strength of the individual expression in each network. High scores indicate strong individual network expression.
Vertex-based shape analysis
We subsequently analyzed the hippocampal shape differences between DLB and PD patients on a pervertex basis using hippocampal output from FIRST [24] . Vertex locations from each subject (at a corresponding anatomical point) are projected a surface constructed from the average shapes of all participants. The projections are scalar values that represent the signed, perpendicular distance from the average surface, where a positive value is outside the surface and a negative value is inside. The projection values were stored in a four-dimensional data set, which was used to calculate significant differences in shape between the groups. A GLM was used with an F-test, cluster-based thresholding corrected for multiple comparisons [24] . Age and gender were used as covariates in the statistical model.
Statistical analyses in SPSS
Demographic characteristics were compared using an independent-sample t-test (age) and a chi-square test (gender, number of drug-naïve patients for dopaminergic medication). Differences in normalized total grey matter volume between DLB and PD patients were analyzed with a univariate analysis of variance, adjusted for age and gender. Subcortical structure volume differences were studied using a univariate analysis of variance, adjusted for age, gender and unnormalized total brain volume. Differences in gray matter network scores were studied using a univariate analysis of variance, adjusted for age and gender. Within DLB patients, we investigated correlations between hippocampal volumes, SENS-PD and cognitive performance (SCOPA-COG and MMSE scores) and hallucinations using Spearman's rank correlation coefficient. SPSS version 23.0 was used for all statistical analyses (IBM SPSS Statistics for Mac, Version 23.0. Armonk, NY: IBM Corp.).
RESULTS
There were no significant differences in gender, age and motor symptom severity (MDS-UPDRS III score) between the groups ( Table 1 ). The mean disease duration was 3 years shorter in DLB compared to PD patients. DLB patients had a higher predominantly non-motor symptoms burden (SENS-PD score: 8 points difference). Both groups had cognitive deficits, but DLB patients were more cognitively impaired than PD patients (SCOPA-COG: 8 points difference, range 0-43 and MMSE score: 8 points difference, range 0-30). DLB patients had more (severe) hallucinations than PD patients, as the latter had no or only mild hallucinations with complete insight. Six DLB patients used dopaminergic medication, these patients used on average 546 mg/day less dopaminergic medication than PD patients. No differences in normalized total grey matter volume were found.
Voxel-based morphometry
Whole brain voxel-wise differences in grey matter volume are shown in ( Fig. 2A) . DLB patients showed reduced grey matter compared to PD patients in the right hippocampus and right parahippocampal regions ( Fig. 2A , red areas, p = 0.030 most significant voxel).
Volumetric measurements
Mean total hippocampal volume was 0.7 cm 3 lower in DLB compared to PD patients ( Table 2) . Volume estimates were also performed for the left and right hippocampus separately and showed lower hip- pocampal volumes in DLB compared to PD patients in both the right (p = 0.009, mean difference 0.4 cm 3 ) and left (p = 0.026, mean difference 0.3 cm 3 ) hemisphere. In the DLB group, associations between hippocampal volume and cognitive performance were tested and showed a correlation coefficient of 0.572 (MMSE score; p = 0.033; right hippocampus: r s = 0.619, p = 0.018; left hippocampus: r s = 0.384, p = 0.176) and 0.371 (SCOPA-COG score; p = 0.235; right hippocampus: r s = 0.308, p = 0.330; left hippocampus: r s = 0.228, p = 0.477). For hippocampal volume and predominantly non-motor symptom severity (SENS-PD score) Spearman's rho was 0.055 (p = 0.873; right hippocampus: r s = 0.023, p = 0.947; left hippocampus: r s = 0.077, p = 0.821). The correlation coefficient for hippocampal volume and hallucinations (hallucination item SCOPA-PC) in the DLB group was -0.477 (p = 0.100; right hippocampus: r s = -0.547, p = 0.053; left hippocampus: r s = -0.358, p = 0.229).
Vertex-based shape analysis
Based on the findings of the volumetric measurements and VBM we performed a vertex-based shape analysis to explore potential shape differences of the hippocampus between DLB and PD patients. Atrophy was found in the head and body of the right (p = 0.040; Fig. 3 ) and in the head of the left hippocampus (p = 0.030; Fig. 3 ) of DLB compared to PD patients.
Structural covariance networks
Integrity scores of nine structural covariance grey matter networks are shown in Table 3 . In DLB patients, the integrity of the anatomical posterior cingulate cortex network (network C: comprising regions of the parahippocampal gyrus and hippocampus; Fig. 2B ) was significantly lower than in PD patients (p = 0.009). No significant differences were found in the other eight structural covariance networks between DLB and PD.
DISCUSSION
The results of this study using different MRI approaches to evaluate grey matter show a consistent (para)hippocampal volume loss in DLB compared to PD patients. Vertex-based shape analysis further showed atrophy in the head and body of the right and head of the left hippocampus in DLB compared to PD patients. Except for (para)hippocampal atrophy in DLB patients, no other structural differences in grey matter between DLB and PD patients were found.
The findings in this study are in line with the results of earlier studies [11] [12] [13] , although these studies applied region of interest approaches to investigate differences between DLB and PD. Gazzina et al. and Borroni et al. further reported lower thalamus, caudate nucleus and middle occipital gyrus volume in DLB compared to PD patients [10, 12] . In both studies, the DLB group was older (Gazzina et [10, 12] . These differences in age, gender and motor symptom severity likely contributed to the more extensive reductions in grey matter in DLB patients as compared to the findings in our study.
Our study shows regional atrophy in the head and body of the right and head of the left hippocampus in DLB compared to PD patients. To our knowledge, this is the first study in which vertex-based shape differences between DLB and PD patients are investigated. Neuropathological studies indicate a relative preservation of the CA1 and subiculum in DLB patients versus healthy control subjects, Alzheimer's disease, and PD patients [30, 31] . MRI studies investigating hippocampal subfields in Alzheimer's disease and DLB patients report a relative preservation of the CA1 in DLB patients as well [32, 33] . Collectively, the findings of all studies indicate that further exploration of regional atrophy of the hippocampus and its subfields in differentiating DLB from PD may be worthwhile.
We found that hippocampal volume correlated with cognitive performance (MMSE score) in DLB patients, although 14 is a small sample size to perform a correlation analysis. Nevertheless, the findings are in line with previous studies reporting that atrophy of the hippocampus and parahippocampal gyrus in DLB patients is correlated with cognitive decline [34, 35] . Brain amyloid-␤ deposition, including deposition in the hippocampus, is more marked in DLB [36] . Although the development of cognitive impairment and dementia seems multifactorial, brain deposition of amyloid-␤ is proposed to contribute to cognitive impairment in DLB and PD [36] . Moreover, current data suggest that concomitant amyloid-␤ and ␣-synuclein pathology may act synergistically to contribute to cognitive impairment [36] .
Our findings in DLB patients were most pronounced in the right hemisphere, which is in accordance with earlier studies showing prominent structural and functional alterations in the right hemisphere of DLB patients [33, 37] . There are indications that a predominance of the right hemisphere for visuospatial processing plays a role in visual hallucinations [33, 38, 39] . DLB patients in this study had more (severe) hallucinations than PD patients and although we do not have data on the different types of hallucinations, visual hallucinations gen-erally predominate in DLB and PD [40] . Visual hallucinations are a core feature of DLB [2] and, compared to PD, their prevalence is much higher [31] . In particular the atrophy that we found of the right parahippocampal gyrus in this study could be related to visual hallucinations in DLB patients [41, 42] . Heitz et al. found a correlation between perfusion of the right parahippocampal gyrus and the severity of visual hallucinations in DLB patients [42] , while Harding et al. showed that higher Lewy body densities in the parahippocampal gyrus were associated with visual hallucinations in DLB patients [41] .
Another study compared DLB with AD patients and also found parahippocampal atrophy in DLB patients [33] , supporting the hypothesis that the parahippocampal gyrus plays an important role in visual hallucinations in DLB patients.
We used well-established, reproducible, datadriven methods to investigate grey matter in DLB and PD. We found consistent (para)hippocampal volume loss in DLB compared to PD patients, despite the relatively small number of DLB patients. Nevertheless, the results should be verified in a larger number of subjects. The mean disease duration of the DLB group was shorter than of the PD group in this study and our results may have been more pronounced with similar mean disease durations in both groups. Both groups had a comparable motor symptom severity, but DLB patients had higher predominantly nondopaminergic symptoms scores and a worse cognitive performance than PD patients. Especially cognitive performance may have contributed to the hippocampal atrophy in DLB patients that we found. An additional group of PDD patients may provide additional inside into the relationship between cognition and our findings. However, it should be considered that PDD generally develops quite late in the disease course, and a large difference in disease duration between groups might lead to difficulties in attributing potential group differences to either differences in disease duration or disease type. It should further be noted that our study was set up to examine structural grey matter differences between DLB and PD patients, and the absence of a group of healthy control subjects did not allow for the detection of regions that are affected by atrophy in both PD and DLB patients. However, previous studies have shown grey matter atrophy in PD and DLB patients as compared to healthy control subjects [6] [7] [8] [9] .
To summarize, our data unequivocally show atrophy of the hippocampus and parahippocampal gyrus in DLB patients as compared with PD patients. Vertex-based shape analysis confirmed atrophy of the hippocampus in DLB, localized in the head and body. Moreover, integrity of the anatomical network that comprised (para)hippocampal regions, was significantly lower in DLB. These findings indicate that regional hippocampal differences between DLB and PD may be important in the distinction between the two disorders.
